The bioavailability of nitrogen (N) in soil relies on the progressive breakdown of necromass protein to peptide and amino acid components and conversion to inorganic N forms. We understand the fluxes and pathways of the N cycle downstream from amino acids, but our understanding of the factors controlling peptide and amino acid mineralization, particularly in arid soils, is lacking. We investigated the influence of temperature on the rate of dissolved organic carbon (DOC) and nitrogen (DON) cycling in three agricultural soils from Saudi Arabia. Although the physical and chemical properties of the soils differed markedly, phospholipid fatty acid (PLFA) analysis revealed they had similar topsoil and subsoil microbial communities. Soils behaved similarly in terms of the rate of substrate use, microbial C-use efficiency, and response to temperature. Substrate mineralization rate increased with temperature with more C being allocated to microbial catabolic rather than anabolic processes. Our results show that climate change is likely to lead to changes in soil organic matter turnover and shift C allocation patterns within the soil microbial community. This is expected to reduce soil quality and exacerbate nutrient losses. Management strategies are required to promote the retention of organic matter in these soils.
Introduction
Changing climate, together with increased demand on limited groundwater supplies for agriculture in many arid regions, has led to several national authorities promoting the use of alternative sources of water for crop irrigation (e.g., Saudi Arabia, [1]; California, [2] ). Concern for human health has limited its use in commercial food production but in regions experiencing significant water stress, wastewater can contribute approximately 20% of the total irrigation water used [3] [4] [5] [6] .
In oasis-based agroecosystems, nitrogen (N) represents the key nutrient regulating primary productivity; however, the cycling and competition for N resources in these ecosystems remains poorly understood [7, 8] . Recently, it has been discovered that plants can directly compete with microorganisms for both organic (e.g., oligopeptides, amino acids) and inorganic (e.g., NH 4 + and NO 3 − ) forms of N present in soil [9] [10] [11] . This challenges the traditional paradigm of nutrient cycling in oasis soils which suggests that plants will only acquire N in an inorganic form. It also highlights the need to better understand how solid soil organic N (SON) and dissolved organic N (DON) cycles within these soils. DON can enter arid soils from many sources with the quantitative importance of each source highly dependent on management regime, its spatial input pattern (topsoil vs. subsoil, rhizosphere vs. bulk soil), For all three experimental sites the mean annual rainfall is 70 mm, the annual surface irrigation is 2300 mm, and the daily mean air temperatures ranges from 28.0 • C to 47.5 • C (average of 34.1 • C).
The highest recorded air temperature is 50 • C. The relative humidity of the air is generally high for arid systems, often reaching 90% in summer [6, 26] . The average daily soil temperature in the Al-Hassa eastern oasis typically ranges from 16.4 to 37.9 • C at 20 cm depth and 17.1 to 37. For all three experimental sites the mean annual rainfall is 70 mm, the annual surface irrigation is 2300 mm, and the daily mean air temperatures ranges from 28.0 °C to 47.5 °C (average of 34.1 °C).
The highest recorded air temperature is 50 °C. The relative humidity of the air is generally high for arid systems, often reaching 90% in summer [6, 26] . The average daily soil temperature in the AlHassa eastern oasis typically ranges from 16.4 to 37.9 °C at 20 cm depth and 17.1 to 37.6 °C at 30 cm with an average of 30 °C (Figure 1) . 
General Soil and Water Characterization
pH and electrical conductivity (EC) were determined by standard electrodes either directly for irrigation water or in 1:2.5 w/v soil:distilled water extracts for soil. Soil moisture content was 
pH and electrical conductivity (EC) were determined by standard electrodes either directly for irrigation water or in 1:2.5 w/v soil:distilled water extracts for soil. Soil moisture content was determined gravimetrically by oven-drying (105 • C, 16 h) while organic matter content was determined by loss-on-ignition (550 • C, 16 h). Soil CaCO 3 was measured by the titration method [27] while soil texture was measured by sedimentation using the Bouyoucos method [27] . Total elemental concentrations were determined by digesting the air-dry soil with 70% HNO 3 (1:4 w/v) for 1 h at 100 • C and filtering through a Whatman filter paper No. 541 according to method 3051A [28] . Na was measured using a Model 410 flame photometer (Sherwood Scientific, Cambridge, UK) [27, 29] while Mg was measured using a SpectrAA 220FS atomic absorption spectrometer (Varian Inc., Palo Alto, CA, USA). The remaining elements were measured using a S2-Picofox TXRF (Bruker Inc., Billerica, MA, USA). Soil total C, total N and C:N ratio were determined using a CHN2000 analyser (Leco Corp., St Joseph, MI, USA). Fresh soils were extracted with 0.5 M K 2 SO 4 (1:5 w/v) for determining plant-available P, total extractable phenolics, NO 3 − , NH 4 + , protein and free amino acids.
Available P, phenol, NO 3 − , NH 4 + , and protein were measured colorimetrically using a Powerwave XS spectrophotometer (Biotek Instruments Inc., Winooski, VT, USA). Available P was measured using the ammonium molybdate-H 2 SO 4 -ascorbic acid method of [30] . Phenolics were measured using the Folin-Ciocalteu reagent in the presence of sodium carbonate [31] , NO 3 − by reaction with VCl 3
and N-(1-naphthyl)ethylenediamine dihydrochloride [32] . NH 4 + was determined using the sodium salicylate-sodium nitroprusside-hypochlorite method of [33] . The Bradford method was used to estimate protein content [34] . Total free amino acids were determined by fluorescence according to [35] while DON and DOC were determined using a Multi-N/C 2100 S TOC/TN analyzer (Analytik-Jena AG, Jena, Germany). Microbial biomass C and N were determined by the 7 day chloroform fumigation-0.5 M K 2 SO 4 extraction procedure of [11] (K EN = 0.5; K EC = 0.35). Basal soil respiration (SR) was measured using an automated CIRAS-SC soil respirometer at 20 • C (PP Systems Ltd., Hitchin, UK).
Soil Phospholipid Fatty Acid (PLFA) Microbial Community Structure
Microbial community structure was measured by phospholipid fatty acid (PLFA) analysis following the method of [36] . Briefly, replicate samples of soil from each site were sieved to pass 5 mm, stored, and shipped on dry ice (−78.5 • C) to a commercial laboratory (Microbial ID, Newark, DE, USA), for analysis. Samples (2 g) were then freeze-dried and Bligh-Dyer extractant (4.0 mL) containing an internal standard added. Tubes were sonicated in an ultrasonic cleaning bath for 10 min at room temperature before rotating end-over-end for 2 h. After centrifuging (10 min), the liquid phase was transferred to clean 13 mm × 100 mm screw-cap test tubes and 1.0 mL each of chloroform and water added. The upper phase was removed by aspiration and discarded while the lower phase, containing the extracted lipids, was evaporated at 30 • C. Lipid classes were separated by solid phase extraction (SPE) using a 96-well SPE plate containing 50 mg of silica per well (Phenomenex, Torrance, CA, USA). Phospholipids were eluted with 0.5 mL of 5:5:1 methanol:chloroform:H 2 O [37] into glass vials, the solution evaporated (70 • C, 30 min). Trans esterification reagent (0.2 mL) was added to each vial, the vials sealed and incubated (37 • C, 15 min). Acetic acid (0.075 M) and chloroform (0.4 mL each) were then added. The chloroform was evaporated just to dryness and the samples dissolved in hexane. An Agilent 6890 gas chromatograph (GC) (Agilent Technologies, Wilmington, DE, USA) equipped with auto sampler, split-split less inlet, and flame ionization detector was used. Fatty acid methyl esters (FAMEs) were separated on an Agilent Ultra 2 column, 25 m long × 0.2 mm internal diameter × 0.33 µm film thickness. FAMEs were identified using the MIDI PLFAD1 calibration mix (Microbial ID, Inc., Newark, DE, USA) and classified according to [38] . The biomarker group for putative arbuscular mycorrhizal fungi (AM Fungi) was 16:1ω5c, for Gram-negative bacteria they were 18:1ω7c, 17:0cy and 19:0cy, while for Gram-positive bacteria they were 15:0i, 15:0a, 16:0i, 17:0i and 17:0a. The biomarker used for eukaryotes was 20:4ω6c, for total fungi it was 18:2ω6c, and for actinomycetes they were 16:0 10-Me, 17:0 10-Me and 18:0 10-Me) [39] .
Rate of 14 C-Labelled Substrate Mineralization in Soil
Replicate samples of soil from each site (10 g) were placed in individual 50 mL sterile polypropylene tubes and 0.5 mL of a 14 C-uniformly labelled substrate (10 µM; 3.7 kBq mL −1 ) was Soil Syst. 2018, 2, 28 5 of 20 added to the soil surface. The 14 C-labelled substrate added to individual tubes included: (i) glucose, (ii) an equimolar mixture of 15 different L-amino acids (alanine, arginine, aspartic acid, leucine, tyrosine, valine, phenylalanine, glutamic acid, threonine, proline, lysine, histidine, glycine, isoleucine, serine), or (iii) the oligopeptide L-trialanine (a component of peptidoglycan). After addition of the 14 C-labelled substrate, a 1 M NaOH trap (1 mL) was placed inside each tube to catch respired 14 CO 2 and the tubes sealed and incubated at either 10, 20, 30 or 40 • C. Production of 14 CO 2 over time was measured by periodically replacing the NaOH trap after 0.5, 1, 3, 6, 24, 48, 168, 336, 504 , and 672 h. 14 CO 2 was determined by liquid scintillation counting using a Wallac 1409 liquid scintillation counter (PerkinElmer Inc., Waltham, MA, USA) and OptiPhase Hi-safe 3 scintillation cocktail (PerkinElmer Inc.). After the removal of the final NaOH trap at 28 d, the soils were shaken for 20 min at 200 rev min −1 with 25 mL of 0.5 M K 2 SO 4 to extract any 14 C remaining in solution or bound to the soil's solid phase [23, 40] . The extracts were measured by liquid scintillation counting as described earlier.
Near identical experiments were also performed but with sterilized soil (autoclaved at 121 • C, 1 h and cooled for 10 min prior to use) to confirm that the release of 14 CO 2 was biologically mediated and not produced from abiotic processes. The rate of 14 C-substrate mineralization in the soil was described by a double first-order exponential decay model:
where f is the percentage of 14 C-substrate remaining in the soil at time t (hours). Parameters a 1 and a 2 represent the size (% of total 14 C added) of the fast and slow 14 C turnover pools respectively [22, 41] . k 1 is the rate constant describing the turnover rate of C pool a 1 which is ascribed to the immediate use of substrate-derived 14 C in catabolic processes (i.e., respiration). k 2 is the rate constant describing the turnover of C pool a 2 and is attributed to the second slower phase of 14 CO 2 production associated with turnover of substrate-derived 14 C immobilised in the microbial biomass [41] . The half-life (t 1 2 ) of pool a 1 is defined as:
Total microbial uptake ( 14 C uptake ) can be defined as:
where 14 C Tot is the total amount of 14 C label added to the soil and 14 C K 2 SO 4 is the amount of 14 C label recovered in the K 2 SO 4 extract [23] . The amount of labelled 14 C remaining in the microbial biomass ( 14 C mic ) after 28 days was calculated as follows:
where 14 CO 2 is the total amount of label recovered in the NaOH traps [23] . Lastly, microbial C use efficiency (Mic eff ) for each substrate can be defined as, [41, 42] .
Effects of Temperature on 14 C Mineralization Rate
The effect of temperature (T) on 14 C mineralization rate (MR) was described by applying a square root transformation model to the data according to [43, 44] using the equation
where MR is the mineralization rate (defined as the initial linear rate of 14 CO 2 production at each temperature), α is a slope parameter linked to the absolute rates, and T min is the temperature at which 
Statistical Analysis
After testing for normality, statistical analyses (analysis of variance (ANOVA) with Tukey's pairwise comparison) were performed using SPSS 20 (SPSS Inc., Chicago, IL, USA) or Minitab 16 (Minitab Inc., State College, PA, USA) with significance differences set at p ≤0.05 unless otherwise stated. The double first-order exponential decay equation was fitted to experimental results using Sigmaplot 12.3 (SPSS Inc., Chicago, IL, USA). Linear regression models describing 14 C mineralization rate and temperature were made using Sigmaplot 12.3.
Results

General Physical and Chemical Irrigation Water and Soil Properties
The chemical properties of irrigation water used at each site are presented in Table 1 and additional material in Table S1 . All chemical characteristics were within acceptable national values of water quality for irrigation according to [45, 46] with the exception of the EC value of groundwater and mixed water, which were higher than the standard of 3 mS cm −1 . There were significant differences between all chemical characteristics of irrigation waters except Cr, Fe, phenolics, total N, total C, NH 4 + , and DOC/DON ratio content. Groundwater showed the highest pH and Zn contents, but the lowest available P, NO 3 − , DON, DOC, and amino acid contents of the three irrigation water sources.
Treated wastewater showed the highest available P, DON, and amino acid contents; however, it shows the lowest EC, Na, S, Cl, K, Ca, Mg, and Zn contents of the three irrigation water sources. The mixed water showed the highest EC, Na, S, Cl, K, Ca, Mg, NO 3 − , and DOC contents but showed the lowest pH value of the three irrigation water sources. Physical and chemical characteristics of the soils used in this study are presented in Tables 2  and 3 . Soils were classified as sand or sandy loam [47] ; the average pH and EC values for all soils were 8.55 ± 0.02 and 0.72 ± 0.08 mS cm −1 , respectively. No differences in soil pH and EC were observed between sites or sampling depths. The soils tested in this study can be classified as having low to medium organic matter (OM) contents, according to [48] ; the average OM and CaCO 3 contents for all soils were 1.7% ± 0.22% and 23.6% ± 3.02%, respectively. Significant differences in OM and CaCO 3 were observed between sites (p ≤ 0.05), but no significant differences were observed between sampling depths, except in OM contents of site 1. In topsoils, the highest total C (TC) content was observed in site 3, in the subsoils; the highest content was shown in site 2 (23.6 ± 2.8 g C kg −1 soil, and 34.5 ± 3.6 g C kg −1 soil in topsoils and subsoils, respectively); the lowest TC content was observed in site 1 in both topsoils and subsoils (13.3 ± 1.3 g C kg −1 soil, and 10.5 ± 1.4 g C kg −1 soil in topsoils and subsoils, respectively) with significant differences between sites (p ≤ 0.05), but no significant differences between sampling depths (p > 0.05). The average total N (TN) contents and C:N ratio for all soils were 0.94 ± 0.07 g N kg −1 soil and 22.0 ± 4.8, respectively. No differences were observed between sites or sampling depths, but there were significant differences between sites in the subsoil C:N ratios. All soils posessed a very low NO 3 − content, according to [49] . The highest NO 3 − concentration was shown in site 2 (7.7 ± 0.6 mg NO 3 − -N kg −1 soil, and 3.2 ± 0.6 mg NO 3 − -N kg −1 soil in topsoils and subsoils, respectively) and the lowest NO 3 − concentration in site 1 (4.6 ± 0.6 mg NO 3 − -N kg −1 soil, and 0.7 ± 0.1 mg NO 3 − -N kg −1 soil in topsoils and subsoils, respectively), with significant differences between sites (p ≤ 0.05), but no significant differences between sampling depth, except in site Soil PLFA microbial community structure is presented in Figure 2 . The average microbial biomass based on total PLFA was 45.9 ± 11.1 and 25.6 ± 4.1 nmol g −1 in topsoils and subsoils, respectively. In most soils, the presence of the PLFAs followed the series: Gram-negative bacteria > Gram-positive bacteria > actinomycetes > arbuscular mycorrhiza (AM) fungi ≥ fungi ≥ eukaryotes. Overall, few major differences were observed in the PLFA composition between sites or sampling depths. Different letters identify significant differences between sites (p ≤ 0.05), * indicate significant differences between depths, and no letters shows there are no significant differences.
Dissolved Organic Nitrogen (DON) Compounds' Mineralization and Half-Life
Overall, no significant differences were observed between the goodness of fit of the double exponential decay model to the experimental data (R 2 = 0.999 ± 0.001) when comparing different substrates or sites at different temperatures. The effect of temperature on different 14 C-substrate mineralization in the topsoils and subsoils are shown in Figures 3 and 4 respectively, while the kinetic parameters from the double first-order exponential decay equation in different sites are presented in Tables 4 and 5 . There were no significant effects observed between sites or sampling depths with the production of 14 CO2 (p > 0.05). The production of 14 CO2 increases with increasing temperature in almost all cases (p ≤ 0.05), as shown in Figures 3 and 4 . The cumulative amount of 14 CO2 evolved after the addition of glucose to the topsoils and subsoils increased significantly with increasing Different letters identify significant differences between sites (p ≤ 0.05), * indicate significant differences between depths, and no letters shows there are no significant differences.
Overall, no significant differences were observed between the goodness of fit of the double exponential decay model to the experimental data (R 2 = 0.999 ± 0.001) when comparing different substrates or sites at different temperatures. The effect of temperature on different 14 C-substrate mineralization in the topsoils and subsoils are shown in Figures 3 and 4 respectively, while the kinetic parameters from the double first-order exponential decay equation in different sites are presented in Tables 4 and 5 . There were no significant effects observed between sites or sampling depths with the production of 14 CO 2 (p > 0.05). The production of 14 CO 2 increases with increasing temperature in almost all cases (p ≤ 0.05), as shown in Figures 3 and 4 . The cumulative amount of 14 CO 2 evolved after the addition of glucose to the topsoils and subsoils increased significantly with increasing temperature from 20 • C to 30 • C for all soils, with the pattern showing little difference between sites. Although temperature increases overall mineralization, increasing temperatures from 30 • C to 40 • C for all soils and substrates had little overall effect on the final amount of 14 C-substrate mineralized (Figures 3 and 4) . The shortest half-life (t½) of the fast mineralization pool (a1) of glucose in both topsoils and subsoils was observed in site 1 (11.7 ± 3.7 h and 18.4 ± 8.5 h, respectively). Amino acid t½ was shortest in topsoils of site 2 and subsoils of site 3 (4.4 ± 0.5 h; 9.1 ± 5.1 h, respectively). The shortest t½ of trialanine was observed in topsoil of site 2 and subsoil of site 3 (2.9 ± 0.3 h; 4.2 ± 1.3 h, respectively). There were no significant differences in t½ between sites, except after the addition of amino acids at 40 °C, which led to significant differences between sites in topsoil and followed the pattern of site 1 > site 3 > site 2. In most cases, topsoils exhibited shorter t½ values than subsoils, with t½ values has some overall effect on the size of pool a1 and a2 (p ≤ 0.05). The only exception was an observed decrease in C allocation to pool a1 after the addition of 14 C amino acids to the topsoil of site 2 and the subsoil of site 3 when temperature increased from 30 °C to 40 °C; allocation to pool a2 consequently increased. 14 C partitioned into pool a1 after the addition of 14 C glucose decreased in both topsoil and subsoils, with increasing temperature from 30 °C to 40 °C in all soil types. Only a small amount of unmetabolized 14 C label was recovered from the soil by 0.5 M K2SO4 at the end of 28 day incubation periods (<1% of the total 14 C applied in almost all cases). The shortest half-life (t 1 2 ) of the fast mineralization pool (a 1 ) of glucose in both topsoils and subsoils was observed in site 1 (11.7 ± 3.7 h and 18.4 ± 8.5 h, respectively). Amino acid t 1 2 was shortest in topsoils of site 2 and subsoils of site 3 (4.4 ± 0.5 h; 9.1 ± 5.1 h, respectively). The shortest t 1 2 of Soil Syst. 2018, 2, 28 12 of 20 trialanine was observed in topsoil of site 2 and subsoil of site 3 (2.9 ± 0.3 h; 4.2 ± 1.3 h, respectively). There were no significant differences in t 1 2 between sites, except after the addition of amino acids at 40 • C, which led to significant differences between sites in topsoil and followed the pattern of site 1 > site 3 > site 2. In most cases, topsoils exhibited shorter t 1 2 values than subsoils, with t 1 2 values decreasing with increasing temperature with some significant differences apparent ( Table 6 ). The pool size a 1 describes the relative amount of 14 C substrates taken up and used immediately in respiratory processes by the microbial community. In all cases, no significant effects were observed between sites or sampling depths in the size of pool a 1 (p > 0.05), but temperature generally increased the amount of 14 C allocated to pool a 1 . Increasing temperatures from 20 • C to 30 • C for all soils and substrates has some overall effect on the size of pool a 1 and a 2 (p ≤ 0.05; Tables 4 and 5 ). Increasing temperatures from 30 • C to 40 • C for all sites after the addition of 14 C amino acids or 14 C trialanine has some overall effect on the size of pool a 1 and a 2 (p ≤ 0.05). The only exception was an observed decrease in C allocation to pool a 1 after the addition of 14 C amino acids to the topsoil of site 2 and the subsoil of site 3 when temperature increased from 30 • C to 40 • C; allocation to pool a 2 consequently increased. 14 C partitioned into pool a 1 after the addition of 14 C glucose decreased in both topsoil and subsoils, with increasing temperature from 30 • C to 40 • C in all soil types. Only a small amount of unmetabolized 14 C label was recovered from the soil by 0.5 M K 2 SO 4 at the end of 28 day incubation periods (<1% of the total 14 C applied in almost all cases). Table 6 . Influence of soil temperature on half-life values of substrates in topsoil and subsoil of three different agriculture sites. Values represent mean ± SEM (n = 3). Different letters indicate significant differences between temperatures (p ≤ 0.05), while no letters indicate there are no significant differences.
Glucose (h) Amino Acids (h) Trialanine (h)
Half 
Microbial Substrate-C Use Efficiency
Microbial C use efficiency (Mic eff ) gives an indication of the relative amount 14 C immobilized by the microbial community after the addition of DOC or DON substrates (the immobilization-to-mineralization ratio). A comparison of Mic eff between the three sites shows some significant differences (p ≤ 0.05) ( Figure 5 ) and temperature tended to decrease Mic eff , particularly between 20 • C and 30 • C in all soil types (p ≤ 0.05).
Soil Syst. 2018, 2, x FOR PEER REVIEW 14 of 21 Figure 5 . Impact of temperature on microbial carbon-use efficiency for three different C substrates in three arid agricultural oasis sites. Values represent means ± SEM (n = 3). Different letters identify significant differences between temperatures at the p ≤ 0.05 level. The legend is the same for all panels.
Temperature Dependency of 14 C Respiration Rate
A square root transformation of 14 C respiration rate and temperature [43, 44] was used to estimate the effect of temperature on the immediate rate of 14 CO2 production from the labelled substrates added to soil sites ( Figure 6 ). In all cases, the square root value increased with increasing temperature (p ≤ 0.05). The square root transformation produced a linear fit when plotted against respiration rate with R 2 values ranging from 0.92 to 0.99 for all soils. In almost all cases, no effect was observed between soil sites or depths on the square root of 14 C respiration rate (p > 0.05). Figure 5 . Impact of temperature on microbial carbon-use efficiency for three different C substrates in three arid agricultural oasis sites. Values represent means ± SEM (n = 3). Different letters identify significant differences between temperatures at the p ≤ 0.05 level. The legend is the same for all panels.
A square root transformation of 14 C respiration rate and temperature [43, 44] was used to estimate the effect of temperature on the immediate rate of 14 CO 2 production from the labelled substrates added to soil sites ( Figure 6 ). In all cases, the square root value increased with increasing temperature (p ≤ 0.05). The square root transformation produced a linear fit when plotted against respiration rate with R 2 values ranging from 0.92 to 0.99 for all soils. In almost all cases, no effect was observed between soil sites or depths on the square root of 14 C respiration rate (p > 0.05). 
Discussion
DON Compounds Mineralization and Half-Life
To our knowledge, the comparison of DON and DOC mineralization responses to temperature in agricultural oasis soils has not previously been reported. To achieve sustainable agriculture in an oasis system and to maintain N fertility, we need to understand the controlling factors that regulate C and N related processes in soil. This study focuses only on the short-term effects of temperature changes on DOC and DON mineralization in three agricultural sites from the Al-Hassa eastern oasis, KSA. We know that the depletion of 14 C glucose, 14 C amino acids and 14 C trialanine in soil can only happen as a result of either abiotic mineralization or microbial uptake [50, 51] . Here, we assume that the production of 14 CO2 after the addition of radiolabelled substrate was from microbial uptake, since no evolution of 14 CO2 was observed from the results of sterile treatments ( Figure S1 ). The range of temperature in this study (10-40 °C) was designed to reflect the actual temperature in soil at the site and those that might arise in the future. Therefore, we limited our maximum temperature to 40 °C. However, it should be noted that soil surfaces in these arid regions can exceed 65 °C when in direct 
Discussion
DON Compounds Mineralization and Half-Life
To our knowledge, the comparison of DON and DOC mineralization responses to temperature in agricultural oasis soils has not previously been reported. To achieve sustainable agriculture in an oasis system and to maintain N fertility, we need to understand the controlling factors that regulate C and N related processes in soil. This study focuses only on the short-term effects of temperature changes on DOC and DON mineralization in three agricultural sites from the Al-Hassa eastern oasis, KSA. We know that the depletion of 14 C glucose, 14 C amino acids and 14 C trialanine in soil can only happen as a result of either abiotic mineralization or microbial uptake [50, 51] . Here, we assume that the production of 14 CO 2 after the addition of radiolabelled substrate was from microbial uptake, since no evolution of 14 CO 2 was observed from the results of sterile treatments ( Figure S1 ). The range of temperature in this study • C) was designed to reflect the actual temperature in soil at the site and those that might arise in the future. Therefore, we limited our maximum temperature to 40 • C. However, it should be noted that soil surfaces in these arid regions can exceed 65 • C when in direct sunlight [52] [53] [54] . These extreme surface temperatures can influence soil processes, soil nutrient and organic matter cycling.
As expected, our results show an increase in substrate partitioning to the fast mineralization pool (a 1 ) with increasing temperature. This could be due to the microorganisms increasingly using 14 C for energy production and cell-maintenance activities (e.g., generation of heat shock proteins, membrane lipid renewal) rather than for growth and storage [41] . This result is consistent with [55] , who also showed that the size of C pool a 1 was sensitive to temperature. The results presented in Figures 3 and 4 , Tables 4 and 5 generally demonstrate that the rate of 14 CO 2 evolution from DON > DOC compounds with shorter t 1 2 for DON substrates, given that the rate of DON turnover is higher than the DOC rate. This could be due to the higher N and C content of DON substrates than DOC substrate for rapidly cycling pool rather than different soil microbial community structure defined by phospholipid fatty acid (PLFA) profiling. Reference [9] reported that the microbial uptake rate of trialanine > dialanine > alanine and could be due to higher N and C contents in trialanine compared to free amino acids. It is also likely that amino acids have higher 14 CO 2 respiration values than glucose as amino acids are processed by different metabolic pathways inside the cell. After uptake into the cell, amino acids are frequently transaminated or deaminated leading to the production of organic acid skeletons (keto acids), which can be used directly in respiratory pathways [55, 56] . This is further supported by continental-scale measures of microbial C-use efficiency in soil microbial communities supplied with sugars and amino acids [57] . In contrast, glucose-derived C is typically preferentially used for producing new cell biomass. This suggestion is also consistent with [55] who showed that amino acids had lower mean residence time through the soil microbial biomass compared to glucose (20 ± 1 days and 40 ± 6 days respectively). This result supports our hypothesis that the mineralization rate of DON is higher than for DOC in arid soils.
Neither site nor depth had a major effect on the amount of 14 CO 2 evolution or the amount of C partitioned into C pool a 1 . The similarity between agricultural soil sites or depths could be due to their similar soil PLFA microbial communities and to the commonality in metabolic pathways for processing LMW DON or DOC [58] . This could also be due in part to a diverse microbial community having similar affinity transporters for substrate uptake from soil [41] . The lack of influence of soil depth on substrate use in this study differed from [59] , who showed that soil depth greatly influenced substrate utilization due to higher microbial activity, biomass, organic matter, C content, and soil pH in topsoil compared to subsoils. We ascribe the lack of effect in this study to there being no significant horizonation within the soil profile and few differences between soil PLFA microbial community, soil pH and initial C content in the different soil layers.
Microbial Biomass C-Use Efficiency (Mic eff )
The results indicate that Mic eff was very similar between the three sites. Overall, increasing temperature tended to decrease Mic eff after the addition of DON and DOC substrates ( Figure 5 ). We hypothesize that temperature directly affects the relative balance of C flow through different metabolic pathways within the community, rather than it being caused by preferential capture by different microbial groups (e.g., bacteria vs. fungi). This result is consistent with others in this field e.g., [23] , who show that the Mic eff of glucosamine tends to decrease with increasing temperature due to changing temperature affecting different metabolic pathways of individual C compounds. Differences between Mic eff of peptides and amino acids is potentially interesting. We ascribe the observed response to the differences in the internal partitioning of peptide and amino acid-derived C by the soil microbial biomass. In our experiments we used tri-alanine as a model peptide and a mixture of amino acids (which included alanine). Based on [56] we now know that the Mic eff can be different for individual amino acids. This can be ascribed to: (i) their position within different biosynthetic pathways within the cell and the relative importance of these pathways (i.e., substrate demand); (ii) whether the amino acids are deaminated or transaminated prior to further use; (iii) whether the products of catabolism lead to the production of keto acids that can be used directly in respiration; and (iv) the relative demand for individual amino acids in protein synthesis. The factors described above help explain our observed differences in relative C partitioning between pools a 1 and a 2 for the amino acids and peptides.
Decreasing Mic eff is often linked to increasing temperatures e.g., [60, 61] . It also appears to be a common response found across a range of substrates (mixture of amino acids, amino sugars, sugars, and organic acids) because it is suggested that increased temperature may affect different energy-demanding processes such as increasing C respiration and microbial turnover rate [61] . These results support our hypothesis that the mineralization rate of DON and DOC increases with increasing temperature and that increasing temperature not only speeds up organic matter cycling but also the way the C is subsequently used by the microbial biomass. Typically, mathematical models describing soil organic matter turnover use a Q 10 factor of 2 to describe how mineralization increases with temperature but they rarely factor in concurrent changes in Mic eff . Based on our results this would indicate that C will be lost at greater rates than predicted from these simple C models.
It should also be noted that Mic eff can be defined in different ways depending on the nature of the study [61] . For example, studies have looked at C partitioning and Mic eff in soil microbial communities supplied with C substrates over short time scales (hours→days), while others have explored Mic eff from food web and ecosystem perspectives (months→years timescale). This makes the standardisation of Mic eff problematic as it is highly dependent on the spatial and temporal scale over which the measurements are made [41, 61] . In this study, we are focusing on community-scale efficiency of microbial biomass synthesis [61, 62] .
Temperature Dependency of 14 C Respiration Rate
Temperature is a regulator of microbial activity in soil and is, therefore, a key control on the speed of soil organic matter turnover. Preserving organic matter in arid soils is central to maintaining soil quality as it is responsible for many beneficial aspects of soil functioning (e.g., increasing aeration, water infiltration, nutrient cycling/retention, providing a habitat for microorganisms, etc.). Factors that lead to the accelerated loss of organic matter need to be better understood so that they can be managed either by eliminating or reducing them or putting in place mitigation strategies to minimise them (e.g., replenishing organic matter reserves). In addition, the loss of organic matter will lead to increased emissions of CO 2 and is likely to lead to enhanced N mineralization which, depending upon the hydrological regime, may lead to excess nitrate leaching. While this may lead to pollution of groundwater and drinking water and indirect N 2 O emissions, it also represents an economic loss to farmers.
As expected, our results showed an increase in soil respiration rate with increasing temperature (Figure 6 ). We suggest that this could be due to microbial communities favouring high temperature for uptake, turnover and metabolism of the added substrate. Reference [63] reported an increase in microbial respiration with increasing temperatures from 5 • C to 25 • C due to the microbial communities favouring catabolic processes of substrate at higher temperature. This could be due to microorganisms using 14 C in respiration for maintenance costs at high temperature rather than for growth and storage [54] . This result supports our hypothesis that the mineralization rate of DON and DOC increases with increasing temperature.
Conclusions
As expected, soil temperature increased mineralization rate in the three arid soils examined here. For each low molecular-weight substrate, a double exponential decay model conformed well to the experimental mineralization data. This allowed the microbial partitioning of C into catabolic and anabolic processes to be determined for each substrate and soil. Using this approach, we showed significant increases in the amount of substrate-C allocated to microbial catabolic processes with increasing soil temperature. This results in an overall reduction in C-use efficiency within the soil microbial community. In addition, this study showed an increase in soil respiration rate with increasing temperature. We ascribe this to microorganisms using 14 C in respiration for maintenance costs at high temperature rather than for growth and storage. This result supports our hypothesis that the mineralization rate of DON and DOC increases with increasing temperature. The results from our study also showed the rate of 14 CO 2 evolution from DON > DOC compounds with shorter t 1 2 for DON substrates, thus proving our second hypothesis that the mineralization rate of DON is higher than for DOC in arid soils. Additional studies are needed to investigate the effect of using alternative sources of irrigation water on soil function, particularly the response of various moisture regimes on soil chemical characteristics and rates of C and N cycling. 
